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In this work is shown a methodology to obtain the linear 
hum rate equation of the sucrose NsNQj, the project, construc- 
tion. test and use in himchmgs of a motor tube with this pro- 
pellant. 

MODEL 



ABSTRACT 

In this work, an experimental method for a better under- 
standing of the internal hollas be? and the influence of the tom- 
bust ion pressure in the linear hum rate is shown. 

Jr is presented as an internal ballistic mathematical model 
ami the simplifying hypotheses. An ex peri mental methodology, 
using an end-burning motor, is explained. It is presented 
Through 13 (statistic) rests with sucrose (N'aNQ$) it pressure!; 
between OJ and ZU MPa. and calculating the bum rate cons nine. 
The development of a motor Tor propulsion of an experimental 
rocket, its performance during flight and in statistic rests T is 
shown. Although ihis method has didactic purposes it could 
evaluate reasonably well the sucrose NaNO^ internal ballistic 

behavior, 

INTRODUCTION 

This present work is the development of an activity that iv 
taken with engineering and high school students that has the 
objective to make them apply their knowledge in the project, 
including construction, texts, and launching of experimental 
rockets This group works In Brava I ami soon there will be -m 
article about our activities. 

After some experiences with rine-sulfur rockets, it was 
decided in design a rocket motor that w ould be predictable and 
readily available li wi-, decided fur <he NaNOj (sugar propel- 
lam) fur its safe manipulation anti no toxic problems. A biblio- 
graphic research was done to find the linear bum rare equation 
and ir was not found. The references (Vyvennan, 79) and 
(Marc hi, 1*5) suggests an equation fora KNOj, and iParktn. 59) 
gives a velocity for a certain procure for the same propellant. 

As this equation is necessary for the rocket motor project, it 
was decided tn conduct experiments to learti the equation para- 
meter values. 



There is a relationship between the linear burn rate and rhe 
motor chant her pressure; 

r = a.p/ EW) 

where; 

r - linear bumrate 

p £ - motor chamber pressure 

a s bumrate constant 

n = bumrate pressure exponent 

I ^ 

In a motor chamber in equilibrium, it can be writ ten: 



c.* m. X fv .R/M.T r r 

r.x 

where: 

tr \ ,= propellant mass consumption 
rate 

y a ratio of specific heats 
T. = Combustion temperature 
R - universal gas constant 
M = molecular weight of gas products 

r =7(2fY+1)V ,1 V' 

At = throat area 

X = Mass fraction of gases in exhaust 



EQ<2) 







If rhe throat area, the propellant mass consumption tare. ;md I 
the [ hemodynamic properties are known :n the function of the I 
chamber pressure, it h possible to estimate the chamber prev I 
sine through a reiterative process. 

TTRMODVNAMtC PROPERTIES 
■ 
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A computer program was used to ca too lute ihe theoretic 
exhaust gases properties with no chemical reaction through 
expansion (Gufdun, ?6). j'lie following properties wore caJcu- 
luted for 5, UK 40* IfKL, 150, 300 atm: 



Table 1 ■ Thermodynamic Exhaust Gases Properties tor 
Different Pressures 



(aim) 


To 

(K) 


T 


X 


M 


r 


Cf 


5 


1550 


1.1791 


03402 


27.63 


0.7004 


1,099 


10 


1615 


1,1712 


03145 


27.62 


03999 


1.270 


20 


7677 


1.1639 


07694 


27.42 


0.6924 


1,416 


40 


1732 


1-1678 


0.7672 


27.30 


0.6032 


1.539 


100 


1 7B5 


1,1519 


0.7434 


26.97 


0.6650 


1,675 


150 


1602 


1.1501 


0.7362 


26.90 


0.6649 


1,726 


200 


1011 


1.1491 


0.7321 


26.65 


0,6644 


1.762 



Qfa5,: P *= Thfusl Coyfliclenl 



I EQUIPMENT 

Motor Tube (CSSfng) ■ In order to measure different burn 
I men ai different pressures i evlintlriciil rube wjs used wirh an 
I end -burning grain. We used □ ST-52 tube with the following 
characteristics; 

Internal diameter: Si mm 
Extenual diameter 70mm 
Chamber Length: JDGmift 

The tube had a forward closure and an end closure that 
could hold different nobles: 



Table 2 - Dimensions; of the Nozzles Used 



Throat 

diameter 

(mm) 


Throat area 
(mm 2 } 


Exhaust 

area 

(mm 5 ) 


Expansion 

rale 


4,2 


17.64 


58.08 


3.25 


3,2 


10.24 


23.76 


2.32 


2,2 


4.84 


78,54 


16.23 


1.9 


3.61 


33.18 


9.19 


1.7 


2.89 


33.18 


1T47 


1.5 


2.25 


33.18 


14,74 




Dynamometer ■ Some tests were June with the tube in the 
vertical position ami some in the horizontal position in a 4 bar 
dynamometer. 




Figure 2 - Motor Tube in the A Bar Dynamometer 
PREPARATION 

For the tests we used end -burning grains. 



inj 




Figure 3 - Motor Tube with the End-Burning Grain 



The inhibition on the walla .md in die inner pan of rhe fur- 
ward closure waft accomplished using, melted icing sugar. This 
was applied tu the inside uf the tube in a thin (■> ram) layer 
which was formed by pressing a wood rod L dowel) inside the 
rube. 

The propellant grain fs composed of 60% NaNOg and 40% 
sucrose. We used the fertilizer form oFftalMOj because uf rhe 
price and accessibility. After being weighed, the NaN(_3j es 
ground in an electric grinder (spinning blade], After lids, iht 
NflNQ 3 and sucrose are mixed in a glass pot by manually sh [ik- 
ing far one to two minutes. The mixture is (hen beared in a pan 
within an ail bath. The sucrose is melded, and when the jntK- 
r urc turns 3 light brown color ir is pin inside the inhibited motor 
tube. 

Uefote the grain begins to solidify* 0.5 grains uf black pow- 
der is put and pressed over rhe exposed surface of die grain in 
order to make the ignition easier. 

After the grain is solidified its length is measured The muss 
of rhe grain is calcti luted, assuming a ctwstunf density of 1.81 
grain s/rm 1 . 

THE BURNING OF THE GRAIN 

The ignition is done remold y by an electric mutch and 0,5 
grams of black powder. All rhe resrs were recorded by a video 





camera. In uEl the tests' a rapid pressurization of the chamber was 
observed, The burning time Was taken by laic analysis of the 
videotape. 

BURN RATE AND CHAMBER PRESSURE EVALUATIONS 

Burn race and chamber pressure evaluations were dune 
through EJ statistic tests. A motor tube was used ns previously 
described. 



Table 3 - Burn Rate Experimental Data and Results 



T 


P 


Oil 

mm 


Dt2 

mm 


D, 

mm 


T, 

£ 


L 

mm 


r 

oWs 


I lf Pa 


1 


H 


4.2 


2.7 


2,7 


50 


29 


0.05 


3.30 


3 


V 


4.2 


3.9 


3.9 


25 


34 


0.13 


3,16 


3 


V 


3,2 


2.6 


2,0 


10 


28 


0.20 


12,04 


4 


H 


2.2 


2.0 


2.0 


B.O 


39 


0.49 


43, SO 


5 


V 


2,2 


2.0 


2,0 


7,0 


30 


0.43 


aa.27 


S 


H 


1.5 


1,3 


1.3 


2.7 


28 


1,05 


215 


7 


H 


1.5 


1,3 


1.3 


6.7 


73 


1.08 


229 


a 


V 


1.5 


1.0 


1.65 


5,0 


141 


3,13 


303 


a 


V 


1.5 


1,3 


1,3 


— , 


72 





- — - 


10 


V 


1.5 


1-3 


1,3 


— 


69 


— 


— 


ii 


H 


1.7 


1,4 


1,4 


6.5 


74 


G.0H 


156 


12 


V 


1.7 


£.2 


1 -&5 


7,3 


63 


1.13 


107 


13 


V 


1.9 


1,5 


1.5 


4.0 


57 


1,18 


157 



OBS: t = LGtlA, V = van ical position of Ihe tLiBe, H .. fwfuanl&l pOSltlfin &1 thd 
lute, Dm » rhinal di&mo’ef, 'Du? t IHraal d'wm&tor after ihs twi. Dy >= □dmitfad 
throat diameter, T b *■ (mm 1*ma, L - length d ths Qfsin, r = bumrate, = 
chamber pnassijj-fl 

The burn rime was taken with i he videotape. The burn rates 
were admitted constant and were ealeuiuEed by dividing tine 
gtain length by the burn rime, 'The propellant iriuss comump- 
tion rate was calculated by dividing the prop e Hunt muss by the 
bum lime. The constant bum rate hypothesis was verified by an 
almost co nsuuu angle of the bars of the dynamometer during 
the burn time. 

In some fetus the diameter of the throats were a hrtlc small- 
er by the deposit ofN*OH during the test. In order to calculate 
the eh umber pressures the smallest were uikcn. hi the two resli 
where the throat, eroded, a medium value was taken. 

The chamber pressure p c was calculated rcriteraiivdy by 
EQ£4) with interpolated values of the thermodynamic pfopef- 
rie* (see Table 1), 

T he rear closure was disconnected [from] the rube during 
tests 9 and 10, Test Ml showed a different behavior from the oth- 
ers. This could have happened by and addition of a 10 mm 
length of the grain after the first cast The grain could have 
burned in The end, and in this interface resulting an expected 
high pressure. There Was difficulty determining the burn rime 
in rests ! and ] I because in test I ihefc was a slow pressuriza- 
tion of 30 seconds and a remaining burn of 28 seconds; so we 
-i do pled a burn time of SB (combined) .seconds. In test I ] there 
was ;i high exhaust during the fist ft.S .seconds with a Jnw exhaust 
in (be 1 a si seconds, There was erosion on the nozzles of rests 
H and 12, probably caused by low quality steel. 

THE BURN RATE EQUATION 



Fallows the burn rare eq oar ion. 

r = 0.0728 . p, *" EQ<3} 

where; 

r =« linear burn rate (cm/s) 

p t = combustion chamber pressure (10 b Pa) 




Figure 4 - Burn Rate Curve With Experimental Data 



PROJECT OF MOTOR M-1 

With the bon rare equation and the thermodynamic data of 
the exhaust gases, a motor (ij.be project wu done for an cxpeii 
mental rocket with unrestricted grain 

Iiiiliid parameters; 

• P t =10 . 10 s Pa 

• Thrust, F = 100 N 

• Burn bme - 3,5 s 

THROAT AREA CALCULATION 

At - F / C, . P c EQ(4) 

where; 

C r = thrust coefficient 

Using P c = in Id 5 Tu and C] |F - 1.270 ( value iihluineri in 
Table 1 for H> atm) and !■ - 1D0N it is obtained by KQ(4J 

At = 7,87 . lOW 

BURN SURFACE AREA CALCULATION 



by and the above % aloes if i$ obtained; 

M c = 0,0687 Kg/s 

At,- m p f r.p 



If wan calculated an exponential correlation curve by the 
least squares method. The data of tests I , H, ] | r anti 12 were nor 
used in the calculation of rite curve. There was a good correla- 
tion of the curve with a good explication coefficient (8^=0^844). 



where; 



r=- propellant density 
Au= bum area 

I Mtiji KQ(-i) tii- calculation jnd ihc 1.8 J ^cm J value rhc 
propellant density, it is gotten: 

r = Q.23 cm/s 

A b - 508 . 



With lEiese data a motor rube was constructed with the fuL 


lowing ehaiaci eristics: 




Burning Chamber Internal Diameter 


54.6 mm 


Burning Chamber External Diameter 


59-2 mm 


Throat Diameter 


10.0 mm 


Exhaust Nozzle Diameter 


20 A) mm 


Propellant Central Hole Diameter 


43.0 mm 


Propel lam External Diameter 


10.0 mm 


Propellant Grain Length 


125.0 mm 



M-1 MOTOR TUBE TESTS 



Three In urn 1 he* and tine static resi were dune with the M-I 

I motfif, The static lest whs done in che vctitesl pnsithin and the 
burn nine as taken h\. videotape an ah'* is. During this test the 
tnoror compressed a spring and che bum time was the time the 
spring ^vhs com pressed. 

We used in experimental rocket with j recovery system for 
lht launches, lire thrust force was estimated using, the acceler- 
ation during the launch pad phase und rocket weight, The bum 
I time was taken using the videotape analysis, Ir was noticed chat 
I the hum rati: w.is higher than ihc one used in the project prob- 
I Ltbly because of erosive hum effect. 

Table 4 * Motor Tube Test Pals and Results 



Tests 


Kind of 
tests 


Bum 
lime |s) 


Thrust 

(N> 


apogee 


r (cm/s) 


l 


siairc 


27 


- 


- 


0.31 


2 


flight 


23 




- 


0.30 


3 


flight 


27 


130 


450 


0.31 


4 


flight 


IS ao 


130 


450 


07B 





I 

I 

1 






Table 5 * Experimental Rocket Data 



Rocket mass 
Motor mass 
Propellant mass 
Diameter 
length 

CONCLUSION 



1.515 Kg 
0.750 Kg 
0.320 Kg 
63 mm 
1.750 m 



A simple experimental didactic methods Uigy was planned 
aid executed lo evaluate 4nd comprehend the propellant burn 
charac re ri sties. 

I iln* methodology proved to be useful to help under*!, i.nd 
rk internal ballistic phenomena, und in the project* consume- 
nun, rest, and launching of experi menial rocket*. 




Ml motor with Its propellant grain end mold. 
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